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Bulk samples of Fe–25 at.% Ge peritectic alloy are undercooled up to 260 K using electromagnetic levitation technique. The
growth rate of the primary phase is measured using a capacitance proximity sensor technique. Solidification microstructure is stud-
ied as a function of undercooling. The microstructure of samples at low undercoolings consists of a residual primary phase a2, peri-
tectic phase e and inter-dendritic e–b eutectic. Microstructure at higher undercoolings is nearly phase-pure e. Time resolved
diffraction analysis of the levitated droplets using synchrotron radiation indicates the nucleation of primary a2 in all cases. The
growth rate is analysed using current theories to explain the experimental observations. Interfacial undercooling is found to play
an important role in the growth kinetics. Our results also suggest suppression of peritectic reaction.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Solidification of undercooled melts enables study of
crystal growth phenomena under non-equilibrium con-
ditions. Deviation of chemical equilibrium at the so-
lid–liquid interface and kinetic undercooling play
significant roles in metastable phase formation [1].
The binary system Fe–Ge (Fig. 1) [2] comprises sev-
eral critical points and order–disorder phase transitions.
However, studies on this system are limited [3–5]. The
intermetallic phase Fe3Ge is of interest for its mechani-
cal properties [6,7]. The alloy composition chosen for1359-6454/$30.00  2005 Acta Materialia Inc. Published by Elsevier Ltd. A
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600036, India.the study is indicated by an arrow in Fig. 1 [2]. Accord-
ing to the equilibrium phase diagram, the alloy compo-
sition chosen undergoes a peritectic reaction, namely,
L + a2! e. The alloy solidifies with nucleation of or-
dered phase a2(B2) that reacts with the remaining liquid
to form the peritectic ordered phase e(DO19). Peritectic
reaction is controlled by diffusion across the product
phase and usually does not proceed to completion and
leads to a phase mixture in the final microstructure [8].
The e-phase is dimorphic and the transformation
from e! e 0(L12) is sluggish [9]. Attention is also drawn
to the eutectic reaction L! e + b close to the composi-
tion chosen for this study. Rapid solidification using the
undercooling technique provides a possibility for sup-
pressing the peritectic reaction and solute partitioning
to obtain phase pure e [5]. Further, the sluggish nature
of the transformation e! e 0 can enable the metastable
e to be retained at room temperature. The present study
is aimed at determining quantitatively the kinetics of pri-
mary solidification and the evolution of microstructurell rights reserved.
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Fig. 2. Typical time–temperature cycle for the system.
Fig. 1. Binary alloy phase diagram of Fe–Ge system [4].
3592 G. Phanikumar et al. / Acta Materialia 53 (2005) 3591–3600as a function of undercooling to understand the solidifi-
cation behaviour of alloys with large solute concentra-
tion and ordering tendencies in solid state.2. Experiments
The experiments were carried out using an electro-
magnetic levitation facility [10]. Samples of nominal
composition Fe75Ge25 were prepared from elemental
components of purity better than 99.99% using an arc
furnace. Each sample of about 1.1 g weight and 6–8
mm in diameter was inserted into the levitation coil in
the chamber and held using an alumina sample holder.
The chamber was evacuated to a pressure of 106 mbar
and refilled to 103 mbar pressure using a protective gas
(He + 5 vol.% H2) of 99.9999% purity. After the sample
was levitated, the sample holder was withdrawn to keep
the sample in a containerless environment. The sample
was heated by induction to temperatures above the liq-
uidus, held for few minutes to homogenize it and then
undercooled by blowing the protective gas on to the
sample. The temperature was measured using a two-col-
our pyrometer with an accuracy of ±5 K and a measure-
ment frequency of 100 Hz.
A typical cooling and heating cycle is shown in Fig. 2.
The cooling rate achieved by blowing gas was about
10 K/s. The solidification of undercooled sample was
stimulated by touching the sample at the bottom using
a needle of 99.99% Fe at a predetermined temperature
(TN). The bulk undercooling (DT) achieved the difference
between the liquidus (TL) and the nucleation temperature
(TN). The sudden rise in temperature signal (indicated in
the figure by an arrow and labelled ‘‘1st’’) detected by
the pyrometer indicates the release of latent heat due
to solidification and is termed ‘‘recalescence’’. A secondsuch signal (labelled ‘‘2nd’’) is due to the formation of e
phase. The second signal is usually weak and is often dif-
ficult to distinguish from the undulations in the pyrome-
ter signal. The temperature of the last liquid to solidify,
i.e., solidus/eutectic, is also indicated (Teu). The time
spent by the sample between TN and Teu is referred to
as the plateau duration (tp).
The trigger needle is also part of a capacitance prox-
imity sensor (CPS) [11] that produces a distinct voltage
signal coinciding with the triggering event. The end of
solidification was detected by a photodiode that ob-
serves the sample from the top. The time resolved volt-
age signals from the CPS and photodiode, both of
accuracy better than 10 ls, were measured by a 400-
MHz digital oscilloscope. The time difference between
the two signals gives the total solidification time. Com-
plete details of the growth rate measurement setup are
provided elsewhere [12]. Samples were solidified at dif-
ferent undercoolings as described above and cooled off
with the protective gas to room temperature and taken
out for characterization.
As-solidified samples were sectioned for further char-
acterization using X-ray diffraction (XRD), optical
microscopy (OM, Olympus), scanning electron micros-
copy (SEM, LEO1530VP) equipped with a field emis-
sion gun, energy dispersive X-rays (EDS, Oxford) and
transmission electron microscopy (TEM, JEOL 2000
FXII). XRD was performed using Fe Ka radiation with
a wavelength of k = 0.1937 nm. SEM was performed
using backscattered electron imaging. EDS was used
to identify individual phases in the microstructure by
their chemical compositions. The ordered nature of the
phases could be confirmed only by TEM as the super
lattice peaks were too weak to be detected using XRD.
Phase selection during solidification of undercooled
Fe–Ge melts was also investigated by in situ diffraction
with synchrotron radiation at the beamline ID15A of
European Synchrotron Radiation Facility (ESRF), Gre-
noble, France. The experimental setup used is similar to
G. Phanikumar et al. / Acta Materialia 53 (2005) 3591–3600 3593that described above and is described elsewhere [13]. At
a given angle with respect to the incident beam, energy
dispersive, time resolved spectra were collected at time
intervals of 3.5 s during several thermal cycles to capture
the temporal evolution of phases during the undercool-
ing process.3. Results and discussion
3.1. Characterization
XRD patterns taken from samples solidified at dif-
ferent undercoolings (DT) are plotted in Fig. 3. Sam-
ples corresponding to low undercoolings exhibit a
phase mixture of all three phases, namely, a2, e and
b. Samples solidified at undercoolings above 110 K
contain predominantly e phase. The content of other
phases is negligible within the detectable limit using
XRD. The strong texture noticeable in the patterns is
expected since triggered solidification of undercooled
melts is directional.
The cooling rate essentially controls the time spent by
the sample between the primary recalescence and the
solidus/eutectic temperature (plateau time) during which
a liquid phase exists. Karma [14] studied the effect of
plateau time on the dendrite fragmentation and grain
refinement. These studies are based on the observation
that the average grain size is comparable to the dendrite
trunk radius. Quantitative estimates of dendrite frag-
mentation require corroboration with the experimen-
tally observed grain size. Since the primary phase
undergoes a peritectic transformation in the present
system, such a study does not come under the scope of 0
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Fig. 3. XRD patterns of samples solidpresent work. Preliminary experiments performed by
dropping the sample onto a copper block indicated that
the microstructure is not significantly different from that
of the samples cooled off using gas. Fig. 4 shows micro-
structures of samples solidified at different undercoo-
lings. In the samples solidified at low undercoolings,
the phase mixture consists of residual a2 phase at the
center of the dendrite, e phase surrounding the a2 phase
and inter-dendritic eb eutectic. The phases have been
identified by their compositions as indicated in Fig.
4(a) and confirmed by TEM as detailed below in this
section. The morphology of the phases is typical of a
peritectic reaction [7]. The reaction L + a2! e indicates
that the e phase must nucleate at the a2(dendrite)–L
interface and propagate to consume the a2 phase. The
interface of residual a2–e interface is also concave in-
wards to the centre of the dendrite. The presence of a eu-
tectic reaction L! e + b in the phase diagram close to
the present alloy composition indicates the possibility
that inter-dendritic liquid solidifies into e–b eutectic.
The morphological appearance of the phases in the
microstructure confirms such a typical solidification
path.
In the samples solidified at higher undercooling, the
microstructure consists predominantly of e-phase. The
peritectic phase morphology described above could not
be observed in any of the samples of high undercoolings
(110 K). Minute traces of b phase outlining the origi-
nal dendritic microstructure and occasionally traces of
a2 at the centre of the e phase could, however, be de-
tected. Samples solidified at undercoolings near and
above 160 K contained only e-phase. The microstruc-
ture also reveals a faceted appearance upon deep etching
(not shown here). 58  60  62  64
egrees)
937 nm)
120 K
72 K
20 K
100 K
112 K
92 K
0 K
260 K
84 K
ε(2
01
)β(1
02
)
ε1
(20
0)
ified at different undercoolings.
Fig. 4. Microstructures of samples solidified at different undercoolings: (a) as-cast microstructure, illustrating phase identification dark phase is a,
gray phase is e and white phase is b; (b) 20 K; (c) 84 K; (d) 120 K; (e) 260 K.
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TEM was performed on both non-levitated (as-cast)
as well as levitated samples solidified after low as well
as high undercoolings. Fig. 5(a) shows the bright field
images taken at low magnification. The selected area dif-
fraction taken with the ½1100 zone axis shows that the
final phase is ordered DO19 phase which is metastable at
room temperature. A dark field image (Fig. 5(c)) taken
using a fundamental reflection ½2240 shows a network
of super-dislocations and no domain structure. How-
ever, the dark field image (Fig. 5(d)) taken with a
super-lattice reflection ½1120 shows fine anti-phase do-
mains. The analysis performed on the as-cast alloys (not
shown here) show that there is no anti-phase domain
formation in the e phase.
Fig. 6(a) shows the trace amounts of a2 that could be
detected at the centre of e phase. The corresponding se-
lected area diffraction patterns for a2 phase (top) and e
phase (bottom) are shown in Fig. 6(b). Dark field image
of a2 phase taken using (100) reflection shown in Fig.
6(c) shows that there are no anti-phase domains within
a2 phase. This indicates that a2 solidified primarily as
an ordered (B2) phase. The inter-dendritic eutectic has
also been confirmed to be between b and e. Fig. 6(d)shows bright field image of eutectic of sample under-
cooled to 116 K. The corresponding SAD patterns of
e and b phase are shown in inset 1 and inset 2, respec-
tively. Fig. 6(e) shows the dark field image taken
[2020] e reflection, lighting up e lamella. One can also
observe the faceted b phase.
3.1.2. In situ diffraction
Time resolved diffraction was performed to obtain
the synchrotron spectra as a function of temperature
during heating and cooling cycles of the sample. A total
of 20 thermal cycles with undercoolings varying from 13
to 193 K indicate a constant and reproducible sequence
of phase formation. A typical thermal cycle and the syn-
chrotron spectra taken during the solidification are
shown in Fig. 7. The first recalescence (sudden increase
in temperature) corresponds to the appearance of a2
phase and the bulk undercooling experienced by the li-
quid is 193 K. The spectra taken following this cycle
show that the appearance of e phase coincides with a
change of slope (termed here, the second recalescence).
The second recalescence (indicated in Fig. 7 by an ar-
row) is weak and can be easily mistaken for part of
the minor jumps in the pyrometer signal caused due to
Fig. 5. Transmission electron microscopy of Fe + 25 at.% Ge sample undercooled to 165 K and solidified: (a) low magnification, bright field image;
(b) SAD pattern taken with the ½1100 zone showing ordered nature; (c) dark field image from ½2240 reflection showing network of super-
dislocations; (d) dark field image from super-lattice reflection ½1120 showing fine anti-phase domains.
G. Phanikumar et al. / Acta Materialia 53 (2005) 3591–3600 3595sample motion and oscillations. Time resolved spectra
make the identification of the first appearance of e phase
possible. At temperatures far below the second recales-
cence, the spectra shows peaks of only the e phase. This
study confirms that the primary phase to form is a2 even
at undercoolings larger than 110 K. The time gap be-
tween the two recalescence events is about 6 s here. This
time gap between the two recalescence events depends
on the flow rate of the protective gas used for cooling,
the RF power as well as the undercooling and is found
to vary typically between 2 and 12 s.
3.2. Growth rate measurement
The growth rate of the primary phase a2 measured
using the CPS technique is plotted as a function of und-
ercooling (DT) in Fig. 8. The growth rate is sluggish
(0.25 m s1) up to about DT = 110 K and then in-
creases steadily to nearly 1.5 m s1 at an undercooling
of 200 K. The solidification time (time taken by the solid-
ification front to sweep from the nucleation point at the
bottom to the top of the sample) is 4–25 m s. This value is
nearly two orders of magnitude smaller than the time de-
lay between the two recalescence events corresponding to
appearance of a2 and e. Hence, the measurement ofgrowth rate corresponds completely to the primary phase
a2. The error in the measurement of growth rate is esti-
mated to be a maximum of 10% at all the undercoolings
and is indicated by the error bars in the Fig. 8.
The following analysis presents an attempt to explain
the experimentally measured growth rate within the
scope of existing theories. The bulk composition of the
as-solidified (processed) samples estimated from EDS
is between 22 and 25 at.% while that estimated using
electron probe micro analysis (EPMA) is 23.9 at.%.
The loss of Ge as compared to the nominal composition
of 25 at.% chosen for sample preparation is attributed to
the arc melting process followed by preferential evapo-
ration loss of Ge during levitation. For the growth rate
analysis, we have chosen to compute for both the com-
positions of 22 at.% Ge as well as 25 at.% Ge to deter-
mine the error.3.3. Growth rate analysis
Dendrite growth rate analysis has been carried out
using the BCT theory [15]. The bulk undercooling ex-
pressed in terms of fractional undercoolings is taken as
DT ¼ DT T þ DT S þ DTR þ DTK. ð1Þ
Fig. 6. TEM of sample undercooled to 116 K: (a) residual trace amounts of a2 phase found in the middle of e phase; (b) top, SAD pattern from a2
showing B2 reflections in [011] zone, and bottom, SAD pattern from e phase showing DO19 reflections in ½1210 zone; (c) dark field image of a2
phase taken using (100) super lattice reflection showing no anti-phase domains; (d) bright field image of inter-dendritic b–e eutectic taken with the
½1210 zone axis of e phase. The inset 1 shows ½1210 zone axis pattern of e and inset 2 shows ½2423 zone axis pattern of b phase.
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Fig. 7. (a) Temperature vs. time curve for sample undercooled to 193
K (top). (b) Synchrotron energy dispersive spectra taken at 2h = 2.5
(bottom) with X-ray intensity as a function of q-vector (2p/d where, d is
interplanar spacing). The spectra numbered from 1 to 4 are taken at
times 2830, 2838, 2846 and 2852 s, respectively, as also indicated in
figure above.
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where TQ is the hypercooling, Iv(Pt) is the Ivantsov
function and Pt = rv/2a is thermal Peclet number. The
solutal undercooling is taken as
DTR ¼ m0xL 1 1þ ðke  kð1 logðk=keÞÞ=1 ke
1 ð1 kÞIvðP cÞ
 
;
ð2Þ
where m0 is the liquidus slope, xL is the composition of
liquid, ke is the equilibrium partition coefficient, Pc = rv/
2D is solutal Peclet number. The effective partition coef-
ficient is k = (ke + v/vD)/(1 + v/vD), v is the velocity of the
interface and vD is the interface diffusive velocity [16].
DTR is the curvature undercooling given by 2TMC/r,
TM is liquidus temperature, C is the Gibbs–Thomson
coefficient, r is the dendrite tip radius given by marginal
stability criterion as
r ¼ TMC=r

TQP tnt þ 2m0xLðk1Þ1ð1kÞIvðP cÞ
. ð3Þ
The stability functions are taken as
nt ¼ 1
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1
rP 2t
q and nc ¼ 1þ 2k
1 2k 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1
rP 2c
q ;
ð4Þ
where r* = 1/4p2. The kinetic undercooling DTK = v/l
where the kinetic coefficient l is given by
l ¼ Lvs=RT 2M ð5Þ
corresponding to collision limited growth. L is the
heat of fusion, vs is velocity of sound, R is universal
gas constant. Eqs. (1) and (3) are solved simulta-00  150  200
ooling (K)
collision limited
µ=0.005(1+0.02∆T)
exp
per-imposed are the computed growth rates for the assumptions of
is for Fe + 22 at.% Ge and the lower dashed curve is for Fe + 25 at.%
3598 G. Phanikumar et al. / Acta Materialia 53 (2005) 3591–3600neously to obtain the growth rate as a function of
undercooling. The parameters used are given in Table
1. Where the data is not available, we have estimated
the values from corresponding parameters of the pure
components [17]. Such an approximation seems rea-
sonable as the primary phase a2 for which the growth
rate is analyzed, is a solid solution of Fe. The results
are plotted in Fig. 8.
As can be noted, the assumption of collision limited
growth (Eq. (5)) leads to growth rates significantly high-
er than the experimentally observed ones. Sluggish
growth of ordered intermetallic phases has been ob-
served in several other systems and has been attributed
to slower interface attachment kinetics [18,19]. Aziz
and Boettinger [18] proposed an expression for interface
sluggishness as a function of several thermodynamic
parameters apart from vs and vD. Several studies [20–
22] have shown that a reduced value of the kinetic coef-
ficient l (obtained by replacing vs with vD in Eq. (5)) is
able to fit the computed growth rate to the experimental
data closely. The two dashed curves shown for Fe–22
at.% Ge and Fe–25 at.% Ge lie closely and envelope
the experimental data within the estimated error limits.
In the present case, no single value of l is able to de-
scribe the complete experimental data set satisfactorily.
Due to the lack of thermodynamic data for this system,
we have assumed the kinetic coefficient to be a simple
linear function of temperature for this purpose. We were
able to fit the computed growth rate to the experimental
data when we choose l to be small and a function of
temperature given by l = 0.005[1 + 0.02DT]. The func-
tion used corresponds to the effective value of vD in
Eq. (5) ranging from 5 to 15 m s1.
Fig. 9 shows the dendrite tip radius, effective partition
coefficient, solid and liquid compositions at the tip and
partial undercoolings computed as a function of bulk
undercooling for the nominal composition of the alloy.
As shown in Fig. 9(b) and (c), the increase in the effec-Table 1
Values of parameters used in the calculations
Symbol Parameter Value
TQ Hypercooling (K) 484.46
a Thermal diffusivity (m2 s1) 1.7 · 105
D Solute diffusivity (m2 s1) 5.0 · 109
C Gibbs–Thomson coefficient (K m) 2.825 · 107
vs Velocity of sound (m s
1) 2000
vD Interface diffusive velocity (m s
1) 4
m0 Liquidus slope (K/at.%) 17.78
xL Liquid composition (at.%) 22–25
ke Equilibrium partition coefficient 0.7585–0.7726
l Kinetic coefficient ðRT 2M=LÞ ðKÞ 1011–1090
r Solid–liquid interfacial energy (J m2) 0.337
m Volumetric heat of fusion (J m3) 1.7 · 109
Xeu Eutectic composition (at.%) 30
n Ratio of radii of curvatures of
secondary arm tip and root
2tive partition coefficient by the solute trapping process
leads to super-saturation of primary a2 phase with the
composition the same as that of the final e phase.
As can be noted from Fig. 9(d), at smaller undercoo-
lings the dendrite growth mechanism is controlled pre-
dominantly by solute diffusion. The solutal
undercooling is more than 75% of the bulk undercool-
ing. However, at DT > 110 K, the kinetic contribution
to the bulk undercooling becomes comparable to the
solutal contribution (50%). Thus, the sharp rise in
growth rate at DT > 110 K corresponds to a change in
the dendrite growth mechanism from purely solutal to
solutal + kinetic controlled. At large undercoolings,
the kinetic undercooling is nearly half of the bulk und-
ercooling, implying that interface attachment kinetics
play an important role in determining the dendrite
growth rate. Such a large contribution of kinetic und-
ercooling or a small kinetic coefficient is a signature of
diffusion controlled growth which is sluggish due to
chemical ordering required during the interface attach-
ment process. This is in agreement with the residual pri-
mary phase analyzed using TEM being ordered a2(B2)
phase.
3.4. Phase pure microstructure at high undercoolings
The microstructure of samples solidified at undercoo-
lings larger than 110 K show nearly phase-pure e. The
negligible amount of residual a2 phase and progressive
disappearance of inter-dendritic eutectic phase in these
samples indicate that for samples solidified at undercoo-
lings larger than DT > 110 K there are three possible
solidification paths. The first possibility is that the e
phase nucleated directly from the undercooled melt
and grew to form the final microstructure. This is ruled
out as the in situ diffraction shows clearly that at all the
undercoolings (up to 190 K) the primary phase to nucle-
ate is a2.
The second possibility is that the peritectic reaction
proceeded to completion. Since the peritectic reaction
involves diffusion of solute through the solid phase,
one may estimate the width of the primary solid phase
after coarsening and compare it with the diffusion
length to consider this possibility. The following simpli-
fied expression taken from Kirkwood [23] is shown
(e.g., by Chen and Kattamis [24]) to provide a reason-
able estimate of secondary arm spacing (kf) during
solidification.
k3f ¼ 
64rTD
Hm0ð1 keÞ 2
1
n
 
lnðX eu=X LÞ
X eu  X L tf . ð6Þ
The value of the secondary spacing according to the
expression depends crucially on the time of solidification
tf. The secondary arms evolve for a long time after the
primary stem has grown. Thus, the time tf for estimating
the secondary spacing should realistically be close to the
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Fig. 9. (a) Dendrite tip radius; (b) effective partition coefficient; (c) solid and liquid composition at the dendrite tip and (d) partial undercoolings as a
function of bulk undercooling.
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in the lower limit of time available for coarsening to be
10 s. Using this as tf the estimation yields a secondary
arm spacing of 23 lm. This value is close to the observed
values from the microstructures. Taking the diffusivity
of Ge in body-centered cubic (bcc) Fe at 1435 as
7.033 · 1013 m2 s1 [17], and the maximum time dura-
tion between first appearance of e phase till complete
disappearance of a phase to be about 10 s, leads to a dif-
fusion distance of 2.6 lm. Thus, the diffusion distance in
solute is much smaller than secondary arm spacing sug-
gesting that the peritectic reaction limited by solute dif-
fusion in solid phase is not likely to go to completion.
A third possibility is that the peritectic reaction is
suppressed and the formation of e phase is by a fast so-
lid-state transformation from a2. Though direct evi-
dence is difficult to obtain in the present case, the
following arguments point towards this possibility.
Growth rate analysis shows that at high undercoolings
the primary phase a2 solidifies at a composition nearly
the same as that of e due to solute trapping (Fig. 9(c))
thus requires no diffusion for a solid-state transforma-
tion. The disappearance of inter-dendritic eutectic is also
a consequence of reduced partitioning. Transformations
such as bcc! hcp (hcp, hexagonal close-packed) are
frequently observed and are usually massive/martensitic
in nature [25]. The fine anti-phase domains in e phase(Fig. 5(d)) indicate that such a solid state transformation
from a2 could be to an initially disordered form (hcp) of
e phase that later orders to DO19. Within the scope of
present analysis, we suggest that at high undercoolings
peritectic reaction is suppressed and e phase forms via
a solid state transformation.4. Conclusions
Solidification of peritectic Fe–Ge alloys as a function
of undercooling is studied using electromagnetic levita-
tion technique with the following conclusions.
1. In situ diffraction indicates that direct nucleation of
the peritectic phase from the undercooled liquid has
not taken place. The primary phase to nucleate is
always the ordered phase a2.
2. Growth rate of the primary phase is sluggish up to
110 K and then increases sharply. The growth kinet-
ics are explained within the scope of BCT theory
using a low kinetic coefficient that increases linearly
with undercooling.
3. The predominant phase in the final microstructure is
the e phase which is metastable at room temperature.
Samples solidified at high undercoolings (110 K)
showed nearly phase-pure microstructure.
3600 G. Phanikumar et al. / Acta Materialia 53 (2005) 3591–36004. Peritectic reaction is suppressed and the final phase e
is suggested to have formed from primary a2 phase
via a solid state transformation.Acknowledgements
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